Breakthroughs in high energy and power density lithium battery technology are strongly reliant on the development of new nanostructured electrode materials[@b1][@b2]. A new and promising trend in the creation of such materials is the use of bio-polymers for the directional assembly of inorganic components into structures of greater hierarchical complexity[@b3][@b4]. This approach was first demonstrated by Belcher and co-workers to create lithium-ion battery electrode materials based on a genetically modified, filamentous M13 virus as a bio-template[@b5][@b6][@b7]. In the present work, we demonstrate the use of *flagella* as promising, and much more easily handled, bio-templates for materials synthesis.

The standard capacity of a graphite anode in commercial batteries is only 250--300 mAh g^−1^ with the theoretical limit of 372 mAh g^−1^ [@b8]. Moreover, the rate performance of graphite is still well below the levels demanded for high power lithium ion batteries in advanced applications such as electric vehicles. Oxides of transition metals (such as Co, Fe, Ni, Cu, *etc.*) have attracted great attention in this regard because of their potential to deliver high theoretical specific capacity[@b9]. Among the metal oxides, iron oxide (Fe~2~O~3~) is one of the most promising materials because of its high theoretical specific capacity (1007 mAh g^−1^), abundance, low cost and environmental acceptability[@b1][@b9][@b10]. At present, the fabrication and performance (in terms of cycle stability) of Fe~2~O~3~ based anodes still remains a great challenge[@b10]. It is known that under discharge/charge cycling Fe~2~O~3~ based electrode materials degrade and their capacity fades quickly[@b11]. In addition, the active surface area of such materials reduces because of agglomeration[@b12][@b13]. One of the ways to overcome these imperfections is to fabricate hybrid nanostructures, where Fe~2~O~3~ is embedded into a conductive matrix or covered with coating layers via intermolecular interactions or to synthesize nanostructured Fe~2~O~3~ or nanoparticles, nanowires *etc.*[@b13][@b14][@b15][@b16][@b17][@b18].

Viruses and other biological structures that can function as scaffolds can stabilize such nanosized metal oxide particles and prevent their agglomeration[@b5][@b6]. Bacterial and archaeal *flagella* are structures that have attractive properties for this use[@b19][@b20][@b21][@b22][@b23]. These are extracellular protein filaments used by unicells as motility organelles. The Archaea constitute a domain of microorganisms mostly composed of cells that live in extreme environments. Many archaeal biopolymers, including flagella, are able to preserve their structural integrity in a wide range of external conditions. As such they may be promising candidates as synthetic templates in nanobiotechnology[@b24]. Archaeal flagella are typically long (\~10 μm) filaments with thickness of 10--15 nm[@b25]. Being totally protein-based structures, they offer a number of benefits over DNA-containing viruses in nano-technology applications. Halophilic archaea are safe to humans and quite un-demanding in terms of growth environment (advantageously, requiring a high salt concentration), and modified flagella can be isolated and purified easily with yields up to 20 mg L^−1^ (compared to 10 mg L^−1^ in the case of M13 viruses). Previously, we have demonstrated the use of flagella of halophilic archaea species *Halobacterium salinarum* as a biotemplate for the selective binding of target substances[@b21][@b26]. *H. salinarum* flagellar filaments are formed from five homologous protein subunits-flagellins FlgA1, A2, B1, B2, B3 in which FlgA1 and A2 are the major components which are distributed along the full filament length[@b26][@b27]. To create binding sites for templating purposes, genetically modified strains can be constructed[@b21][@b26] such that FlgA1 and A2 are modified with an inserted FLAG peptide (DYKDDDDK) sequence[@b21][@b26]. The carboxyl groups of aspartate and glutamate side chains are good sites for positively charged ion binding. The aspartate rich FLAG peptide was designed as a tag which was introduced into the target proteins for their subsequent purification by immunoaffinity chromatography and could be conveniently detected by commercial antibodies[@b28]. The FLAG peptide insertion does not affect the flagellum assembly and creates metal cation binding sites on the exposed surfaces of the flagella. These sites can then become nucleation points for the growth of inorganic oxide nanoparticles.

In the current study, we have synthesized Fe~2~O~3~ nanostructured anode materials using *H. salinarum* flagella as a bio-template. Multi-walled carbon nanotubes (MWCNTs) were composited with these materials to improve their electronic conductivity in lithium storage applications. The effect of flagella modifications (with different peptides) and MWCNTs loading on the electrochemical performance has been investigated. Three types of modified *H. salinarum* flagella were used in this report: FA1FA2 flagella where both FlgA1 and A2 flagellins were modified by the FLAG (DYKDDDDK) peptide, FA1 flagella with FLAG peptide modified FlgA1 and EA1EA2 flagella with both FlgA1 and A2 subunits modified with the DYKEEEEK peptide (this is similar to FLAG but with 4 tandem aspartates replaced by glutamates). As already mentioned, these inserts do not lead to critical changes in the spatial structure of flagellin, which retain the ability to assemble a functional flagellum. The purpose of the peptide modifications is to provide sites that help in binding the metal cations (Fe^3+^) to the flagella. Details of the peptide insertion procedure, a modified flagella isolation procedure and the flagella templated Fe~2~O~3~ nanostructured material synthesis are summarized in [Fig. 1](#f1){ref-type="fig"} and in the [supplementary information (Fig. S1)](#s1){ref-type="supplementary-material"}. It should be mentioned that in Belcher\'s experiments the tetra-glutamate peptide was used to amplify metal ion binding properties of the M13 virus[@b5]. The aspartate side chain is shorter than in glutamate and is less flexible, possessing one less torsion angle. Nevertheless, glutamate and aspartate do not significantly differ in their ability to bind metal ions. So, poly-L-aspartic acid and poly-L-glutamic acid immobilized onto pore glass, demonstrated similar binding strengths for the metal ions studied[@b29]. However, in the context of the surrounding amino acid residues this may not be the case. From the secondary structure prediction using PSIPRED[@b30], the spatial organizations of tetra-aspartate inserted into both A1 and A2 flagellin differ significantly from that of the glutamate analogues ([Fig. S2](#s1){ref-type="supplementary-material"}). Taking disordered conformations the aspartates have increased availability for binding iron ions. In contrast, the glutamates, part of an alpha helix or beta strand, may be less accessible to external ions. In addition, these secondary structure elements tend to interact with other regions of the polypeptide chain, which may lead to additional stabilization of the filament structure.

Electron microscopy studies on the flagella based samples mineralized with Fe~2~O~3~ reveal chain like morphologies that replicate the morphology of individual flagella. FE-SEM analysis depicts uniform growth of Fe~2~O~3~ on the surface of FA1FA2 modified flagella ([Fig. 2a](#f2){ref-type="fig"}). Interconnectivity of the metal oxide nanoparticles grown on the bio-template is revealed by TEM analysis and the SAED pattern represents the {012}, {104} and {113} crystal planes of α-Fe~2~O~3~ ([Fig. 2c, d](#f2){ref-type="fig"}). FE-SEM and TEM images of FA1 and EA1EA2 modified Fe~2~O~3~ samples are shown in [Fig. S3](#s1){ref-type="supplementary-material"} for comparison. [Figure 2b](#f2){ref-type="fig"} show FE-SEM image of FA1FA2 modified samples with 10 weight % MWCNTs loading. It is clearly seen that the MWCNTs are homogeneously distributed throughout the FA1FA2-Fe~2~O~3~ samples, creating a percolating network for excellent electrical conductivity during the electrochemical conversion reaction with Lithium.

[Figure 3a](#f3){ref-type="fig"} shows the charge-discharge profiles of the negative electrode materials prepared using FA1, FA1FA2 and EA1EA2 modified flagella mineralized with Fe~2~O~3~. The nature of the discharge profile suggests that there is no significant conversion reaction of Fe~2~O~3~ occurring with Lithium ([Fig. 3a, b](#f3){ref-type="fig"}). It was demonstrated previously that biological structures based on the M13 virus are electrochemically inactive in the applied potential window[@b5], and it was further observed by Tarascon\'s group that their presence deteriorates the electrochemical reactivity of oxides towards Lithium[@b31]. In fact, these biological templates act as a nonconductive additive that can destroy electron and ion percolation networks[@b31].

It is well known that the ohmic resistance and the charge transfer resistance of the electrode formed by iron oxides are quite high. Even though we have added a conductive carbon additive it was not sufficient to form a proper percolating network to connect the nano-particles. To achieve a better percolation network with such nano-sized active materials, it is necessary to have some fraction of high aspect ratio,conductive additive that can maintain the electrical contacts between active materials during cycling. In the absence of such an additive, parts of the electrode can experience lower (more negative) voltages than others, thereby encouraging electrolyte breakdown and SEI formation reactions which eventually during cycling render these regions inactive.

In the current work, to improve the electrochemical performance, a composite material has been prepared by introducing MWCNTs into the mineralized flagella materials. [Figure 3c](#f3){ref-type="fig"} shows the charge-discharge profiles of materials composed of flagella mineralized by Fe~2~O~3~ with 10 weight % MWCNTs loading for three different gene modifications (FA1, FA1FA2 and EA1EA2). After adding MWCNTs, the charge consumed in the electrochemical conversion reaction is enhanced and a well-established plateau is observed (\~0.8 V *vs.* Li). Reversible charge capacity of 940 mAh g^−1^, 1300 mAh g^−1^ and 1145 mAh g^−1^ were observed at 50 mA g^−1^ (50 mA g^−1^ = approximately a C / 20 rate, 1C = 1007 mA g^−1^) for FA1, FA1FA2 and EA1EA2 gene modifications, respectively. The latter two of these results are higher than theoretical capacity for pure Fe~2~O~3~ (1007 mAh g^−1^), suggesting that some additional charging mechanism, perhaps a pseudo-capacitive contribution and lithium intercalation in MWCNTs together, is part of this overall capacity.

To test electrochemical stability, the first three cycles were tested at 50 mA g^−1^ and the remaining cycles were tested at the much higher current rate of 593 mA g^−1^ (\~C / 2). Capacity fading was observed in the case of EA1EA2 and FA1 samples, but rather stable capacity was achieved with FA1FA2 samples ([Fig. 3d](#f3){ref-type="fig"}). After 50 cycles, 1032 mAh g^−1^ capacity was still retained in the case of FA1FA2 samples at the 593 mA g^−1^ rate. The enhancement in electronic conductivity in the presence of MWCNTs is responsible for the stable electrochemical performance of the composite materials in this case. The experimentally observed better properties of FA1FA2 sample may be due to higher density of mineralized iron oxide around the flagella scaffold, which implies more effective binding Fe^3+^ ions with inserted tetra-aspartate, and it certainly requires further investigations. To further probe the effect of MWCNTs content on the electrochemical performance, we have made a series of composites. To test the power capability of the samples, high current rates from 500 mA g^−1^ to 5 A g^−1^ were applied to the electrode. [Figure 4a](#f4){ref-type="fig"} represents the discharge profiles of the mineralized Fe~2~O~3~ samples with 10% MWCNTs loading at various current rates. Though cycling performance of FA1FA2 sample is superior to FA1 and EA1EA2 samples at 593 mA g^−1^, the EA1EA2 modified flagella samples show slightly better power capability at very high current rates ([Fig. 4b](#f4){ref-type="fig"}). The inset of [Fig. 4b](#f4){ref-type="fig"} shows the Ragone plot for the three different peptide modifications, which again illustrates the high specific energy (Wh kg^−1^) of the EA1EA2 sample at high specific powers (W/kg). The reversible discharge capacity was as high as 770 mAh g^−1^ with the EA1EA2 sample at 5 A g^−1^. There are very few reports available in the literature demonstrating high rate performance of biologically synthesized negative electrodes[@b5][@b10][@b31]. The rate performance suggests that FA1FA2 and EA1EA2 samples are high rate capable and show promising reversible capacity of 993 mAh g^−1^ after 40 cycles.

To probe the effect of MWCNTs loading, the power performance of the FA1FA2 sample is depicted in [Fig. 4c](#f4){ref-type="fig"}. The performance improves with increasing MWCNT content such that at 5 A g^−1^ the composite materials were able to deliver 950 mAh g^−1^ with 15 weight % loading of MWCNTs ([Fig. 4c](#f4){ref-type="fig"}). The corresponding electrical resistivity values are shown in the [supplementary information](#s1){ref-type="supplementary-material"} ([Fig. S4](#s1){ref-type="supplementary-material"} and [Table S3](#s1){ref-type="supplementary-material"}) for different peptide modifications with varying MWCNT loadings. The reason behind the superior performance of the FA1FA2 modified flagella compared to other samples is not clearly understood at this stage and further studies are essential to understand the lithium storage reaction mechanism. As control experiments, mineralized Fe~2~O~3~ samples synthesized without any modifications on the flagella and without any flagella, were also tested. The results show continuous capacity degradation from 800 to 400 mAh g^−1^ for both samples (shown as [supplementary, Fig. S5](#s1){ref-type="supplementary-material"}).

We have also carried out morphological analysis of FA1FA2-Fe~2~O~3~ electrodes before and after cycling. FE-SEM images were taken before and after 5^th^, 10^th^ and 30^th^ cycles. [Figure S6](#s1){ref-type="supplementary-material"} confirms the morphology retention of FA1FA2-Fe~2~O~3~ samples after continuous cycling. This further confirms that the functional materials synthesis using nanobiotechnology offers morphological stabilization of the active materials during electrochemical reaction and suppresses the agglomeration of active materials.

To decipher the percolation phenomena of the MWCNTs in the flagella samples mineralized with Fe~2~O~3~, a Monte Carlo study of electrical and ionic percolation in bundles of MWCNTs was carried out (details are given in methods section and [supplementary information, Fig. S7](#s1){ref-type="supplementary-material"}). In a typical simulation, MWCNT bundles are randomly introduced into a box of a fixed volume. Pairs of nearest-neighbour bundles are chosen randomly and are allowed to form connections with each other as a result of short-range attractive interactions between the nanotube bundles. A conducting path is realized in the 3-D network when the volume fraction of the nanotube bundles exceeds the percolation threshold of 1.01x10^−3^% vol. where 50% of the MWCNTs can simultaneously conduct electrons and ions ([Fig. 4d](#f4){ref-type="fig"}).The introduction of flagellar filaments into the MWCNT network results in a change in percolation threshold. Different volume fractions of MWCNT-flagella composites are studied with flagella comprising 10 weight % of the composite material. [Figure 4e](#f4){ref-type="fig"}, shows the change in the percolation threshold to 1.7x10^−3^% vol. of the composite material as loading is modified. The introduction of flagella also results in a slight increase in the fraction of the MWCNTs being electrochemically inactive.

To summarize, this report describes the use of archaeal flagella bio-templates that are more environmental and human friendly for the synthesis of metal oxide (Fe~2~O~3~) nanostructures. These template materials can exhibit superior power and rate performance compared to existing literature to date. This approach to active oxide materials synthesis has potential across a range of applications from battery materials to other forms of electro-catalysts for important energy applications.

Methods
=======

Development of *H. salinarum* strains producing the modified flagellins
-----------------------------------------------------------------------

The strains were obtained by the transformation of *H. salinarum* cells with appropriate plasmids ([Table S1](#s1){ref-type="supplementary-material"}) using polyethylene glycol (PEG) as previously described elsewhere[@b32]. The selection of transformants was carried out on agar medium containing 15% sucrose and 0.1--0.2 μg mL^−1^ novobiocin (Sigma, USA). Since all plasmids used in the work do not contain the archaeal replication origin, the antibiotic resistance is acquired only after the plasmid insertion into the chromosome by the mechanism of homologous recombination. Incubation was carried out at 37°C for 10--14 days. Modified *H. salinarum* genomes contained both the modified and native flagellin *flgA* operon. Modified *H. salinarum* cells were stored on 1.5% agar plates with the appropriate media at room temperature.

Flagella isolation
------------------

Flagella isolation was performed as described earlier[@b21]. Briefly, *H. salinarum* cells were cultured in 1 L flasks with 200 mL of medium until the late plateau phase. The resulting biomass was pelleted by centrifugation at 8000 g for 30 min. The supernatant was treated with 4% PEG-6000, and then the flagella were precipitated by centrifugation at 15000 g for 45 min. Additionally, the flagella were purified by centrifugation in CsCl density gradient (12 h at 55000 rpm, VTi-80 rotor, Beckman, USA). Cesium chloride was dissolved in a saline medium upto the final density of 1.36 g cm^−3^. The presence of flagella helps in the formation of a visible zone in the middle of the tube. The fraction was diluted (10-fold) with saline medium containing 25% NaCl and 20 mM Mg~2~SO~4~, and then the flagella were pelleted by centrifugation at 80000 g for 1 h.

Iron oxide binding and composite formation with MWCNTs
------------------------------------------------------

Before mineralization the isolated flagella were sonicated at 44 KHz frequency using an UZDN ultrasonic disperser (Selmi, Ukraine) on ice water bath. Sonication was continued for 40 min in periods of 1 min, with pauses of 1 min to cool the treated sample. Sonicated flagella were exposed in water solution containing 0.15 M NaCl and 18 mM iron (III) chloride at concentration of 0.1 mg mL^−1^ for 1 h at 20°C. Then, 3 M NaBH~4~ solution was added drop wise to the reaction mixture to final concentration of 100 mM. Precipitate of Fe~2~O~3~ mineralized flagella was washed twice by water and then by 70% ethanol in water. The mineralized flagella were dried for 12 h at 60°C and used for electrode fabrication. To fabricate composite, required amount of MWCNTs (5, 10 or 15 weight %) were dispersed in mixed solvent of water and acetonitrile using ultra sonication. Flagella mineralized with Fe~2~O~3~ were added to the MWCNTs dispersion with the aid of sonication. The resulting dispersion was heated at 80°C for 3 h with the addition of hydrazine. The resulting solution was washed with acetone and dried in vacuum at 60°C for 12 h to obtain MWCNTs/Fe~2~O~3~-flagella composite. The dried samples were used for electrode fabrication for electrochemical measurements.

Electrochemical characterization
--------------------------------

Negative electrodes were prepared by mixing MWCNTs/Fe~2~O~3~-flagella composite (80 wt. %) with 10 wt.% super C-65 prior to slurry making. PVDF (10 wt.%) was dissolved in N-methyl pyrrolidone (NMP) and the pre-mixed mixture was dispersed in the binder solution using ultrasonication followed by continuous stirring to form homogeneous slurry. The slurry was tape cast on Cu foil using doctor blade technique. The foils were dried in vacuum at 100°C for 12 h before cell fabrication. Swagelok cells were made for electrochemical characterization using LP 30 \[1 M LiPF~6~ in 1:1 (weight %)\] (Merck) dissolved in EC:DMC) as electrolyte, borosilicate glass fibre (GF/D, whatman) as separator, and lithium foil as reference and counter electrode. All the electrochemical tests were conducted in Arbin instruments (USA) within the potential window of 0.05--3 V at 20°C ± 1°C.

Monte Carlo study
-----------------

The CNTs attract each other via short van der Waals\' interactions. These interactions result in aggregation of the CNTs into a cluster. The exact form of the interactions, which are needed to accurately form the shape and size of the aggregates, are not known to us. Consequently, we develop aggregation models that qualitatively describe the observed behaviour in the experiments. CNTs are assumed to be perfectly straight and of length 1 μm. The formation of aggregated cluster from an initial random arrangement is studied using a dynamical aggregation model. The chosen number of CNTs denoted as N are initially placed randomly in a box of dimensions *L~x~*, *L~y~* and *L~z~* in the x-, y- and z-directions, respectively. Two CNTs are said to be in contact when the spacing between them is less than 1 nm. Initially, few of the CNTs might be in contact. Subsequently, we perform Monte Carlo steps where a CNT is randomly chosen. When the CNT does not have any contact, the position of CNT center of mass undergoes a translation operation and a contact is formed with the nearest CNT. Such a step is shown in [Fig. S7a](#s1){ref-type="supplementary-material"} (as [supplementary information](#s1){ref-type="supplementary-material"}). The CNT orientation is rotated about the point of contact when a single contact has already been formed with another CNT. The rotation operation is made such that the CNT forms contact with a second CNT, such that now it has two contacts. Such a step is shown in [Fig. S7b](#s1){ref-type="supplementary-material"} (as [supplementary information](#s1){ref-type="supplementary-material"}). Suppose no CNT is found nearby which will result in the formation of a second contact, the CNT will contain only a single contact point in the entire simulation. These steps are performed 100 N times to obtain the final aggregated structure.

The top 1 μm of the box is assumed to be electronically conducting; any CNT in this region is said to be electronically-active as it can conduct electrons. CNTs in contact with such CNTs are also electronically-active. Similarly, the bottom 1 μm of the box is assumed to be ionically conducting; any CNT in this region is said to be ionically-active as it can conduct ions. CNTs that are both electronically- and ionically-active are electrochemically active as the reduction (oxidation) of Li^+^ (Li) is possible. Presence of electrochemically-active CNTs is sought. The nature of aggregation depends on the number of CNTs and the height of the box. The aggregated CNTs often do not form percolating networks that connect the electronically-active region to the ionically-active region. The thickness of a nanobundle can increase with time due to agglomeration, which results in a concomitant decrease in the volume fraction of the nanobundles. The effect of aggregation is studied by considering different volume fractions of CNTs. Since timescales of agglomeration dynamics are generally slow, it is expected that the volume fraction of the nanotube bundles will decrease gradually over time resulting in a decrease in the fraction of electrochemically active bundles.

Author Contributions
====================

S.N.B. carried out the synthesis, and P.S.V. designed and conducted the electrochemical experiments. M.G.P., O.V.F., D.R.M. and S. M. designed the research approach and suggested the experiments. P.S.V. carried out the TEM and SEM studies; A.C. and S.M. developed the theoretical framework and A.C. derived the model and conducted the simulations; M.G.P., D.R.M. and S.M. wrote the manuscript and all authors discussed the experiments to draft the final manuscript.

Supplementary Material {#s1}
======================

###### Supplementary Information

Supplementary Information

The authors acknowledge the financial support by the Russian Foundation for Basic Research, project No.12-04-92691_IND_a, and Department of Science and Technology, Government of India, project code INT/RFBR/P-126. The authors are deeply grateful to NCPRE-MNRE and Indian Institute of Technology Bombay for instrumental and infrastructure supports.

![Schematic of the gene modification and mineralization (a) FLAG peptide insertion at Flg*A1* gene site, (b) *H. salinarum* cell after modifications at both FlgA1 and FlgA2 genes (inset shows coding sequence), (c) TEM image of the flagellated *H. salinarum* cell (scale bar is 300 nm) and (d) Incubation of modified flagellum in aqueous Fe^3+^ solution and its conversion to Fe~2~O~3~.](srep07736-f1){#f1}

![Electron microscope images of mineralized samples (a), (b) FE-SEM images of FA1FA2 mineralized Fe~2~O~3~ sample without and with 10% MWCNTs, respectively and (c), (d) TEM images of FA1FA2 mineralized Fe~2~O~3~ sample \[inset of (d) shows SAED pattern of FA1FA2-Fe~2~O~3~\].](srep07736-f2){#f2}

![Voltage profiles and electrochemical cycling with Lithium (a), (c) First charge-discharge profiles and (b), (d) cycling behavior of mineralized Fe~2~O~3~ samples with various peptide modifications without and with MWCNTs, resectively.](srep07736-f3){#f3}

![Voltage profiles at various rates, rate capability and Monte Carlo simulation (a) Discharge profiles and (b) rate performance of mineralized Fe~2~O~3~ samples with various peptide modifications with 10% MWCNTs. Inset of b shows Ragone plot of the same electrode, (c) rate performance of FA1FA2 mineralized by Fe~2~O~3~ sample with various MWCNTs loading (5, 10 and 15 weight %), (d) A simulation study on MWCNT network formation between current collector (metal) contact and electrolyte and (e) Fraction of active MWCNTs in the network with and without flagella.](srep07736-f4){#f4}
